Holtz BJ, Lodewyk KB, Sebolt-Leopold JS, Ernst SA, Williams JA. ERK activation is required for CCK-mediated pancreatic adaptive growth in mice.
PANCREATIC ADAPTIVE GROWTH occurs in response to high-protein diets or the hyperphagia seen in pregnancy and lactation when an increase in digestive enzyme secretion is required (12, 13, 23, 29) . The gastrointestinal hormone cholecystokinin (CCK) is released from the duodenal I cells in response to feeding and stimulates enzyme secretion. When CCK stimulation is prolonged, CCK causes an increase in pancreatic DNA and protein synthesis (31, 40) . Administration of exogenous CCK or increased endogenous CCK secretion leads to pancreatic adaptive growth in the normally quiescent adult pancreatic acini (13, 34) . This can be modeled by feeding a synthetic trypsin inhibitor (TI) (35, 46) . TI-induced adaptive growth is blocked by the CCK A -R antagonist lorglumide and in CCK and CCK A -R-deficient mice (5, 40, 41, 46) . However, the intracellular mechanisms regulating pancreatic adaptive growth are not fully established.
G protein-coupled CCKR1 receptors on pancreatic acinar cells bind CCK and signal via G q/11 to activate multiple signaling pathways, including mTOR, calcineurin (CN)/ NFAT, JNK, STAT, and MAPK (4, 6, 19, 45, 48) . The role of mTOR and CN/NFAT in pancreatic adaptive growth was described previously (2, 17, 18) . However, the significance of MAPK signaling in this process has not been established. The extracellular signal-related kinase (ERK) pathway has been shown to play an integral role in many proliferative processes in other tissues (27, 32) . G protein-coupled receptors activate MEK via various stimuli, and MEK phosphorylates ERK on T202/Y204 promoting translocation to the nucleus and regulation of early response genes, including c-Fos and Egr-1. These transcription factors control multiple cell-cycle proteins stimulating mitogenesis and growth.
Pharmacological inhibitors have been developed to inhibit the ERK pathway because of its importance in regulating the growth of many cell types, including cancer cells. Two wellcharacterized MEK inhibitors, U-0126 and PD-98059, that are frequently used in in vitro studies have a short half-life and low solubility leading to low in vivo potency (7, 30) . In the present study, the MEK inhibitors PD-0325901 and GSK-1120212, which are known to suppress phosphorylation of ERK in vivo, were assessed for their effects on pancreatic adaptive growth. PD-0325901 and GSK-1120212 are chemically distinct and bind to the catalytic site of MEK with high potency and specificity in vivo (11, 30) . Both of these inhibitors maintain MEK in an inactive state inhibiting phosphorylation and activation of ERK. The interaction between ERK and MEK is essential to regulating the nuclear translocation of ERK (37) . In the present study PD-0325901 and GSK-1120212 specifically blocked ERK signaling with low systemic toxicity. Pancreatic adaptive growth as assessed by pancreatic mass, protein, DNA, and RNA content was robustly blocked by inhibition of ERK signaling. Furthermore, PD-0325901 was found to inhibit ERK-regulated early response genes, cell-cycle proteins, and mitogenesis impacting pancreatic adaptive growth.
METHODS

Materials.
The TI camostat mesylate S was purchased from Santa Cruz Biotechnology (Santa Cruz, CA). PD-0325901 and GSK-1120212 were obtained from LC Laboratories (Woburn, MA).
Experimental design. Male ICR mice (Harlan, Indianapolis, IN) 25-35 g were housed in a 12:12-h light-dark room at 22-24°C and fed 5001 chow (LabDiet, St. Louis, MO). Mice were fasted overnight before the start of each study and refed at 9:00 A.M. For studies at 2, 5, 7, and 8 days, animals were given either powdered chow, chow containing 0.1% TI, chow containing 0.3 mg/g PD-0325901, or chow containing both TI and PD-0325901. For PD-0325901 studies at 2 and 24 h mice were given vehicle or 10 mg/kg PD-0325901 by oral gavage two times daily starting 1 day before refeeding. For GSK-1120212 studies, animals were gavaged with vehicle or GSK-1120212 dissolved in corn oil at 9:00 A.M. daily (3 mg/kg) starting 2 days before refeeding. Tissue was harvested and either placed in RNAlater, fixed in formalin, homogenized using a Polytron homogenizer, or snap-frozen. All experiments and procedures were approved by the University of Michigan Committee on Use and Care of Animals.
Growth determinations. Mice were killed by CO2 asphyxiation followed by cardiac puncture blood withdrawal. The pancreas was carefully dissected, weighed, and homogenized using a Polytron homogenizer at 100 mg pancreas/2 ml homogenization buffer containing protease inhibitors for 15 s (2). Protein concentrations were determined by Bradford assay (Bio-Rad Laboratories, Richmond, VA) with bovine serum albumin as a standard. For DNA and RNA measurements, the snap-frozen pancreas was homogenized using a Polytron homogenizer at 100 mg/2 ml buffer containing 5 mM MgCl2 and 0.1% Triton X-100 for 15 s and sonicated for 10 s (46) . DNA and RNA were measured using the Quibit 2.0 Fluorometer (Invitrogen, Carlsbad, CA) according to the manufacturer's protocol.
Quantitative real-time PCR. TRIzol reagent and RNeasy spin columns (Qiagen, Gaithersburg, MD) were used to isolate pancreatic RNA following homogenization; purity and concentration were determined by the ratios of optical density at 280 nm to that at 260 nm and agarose gel electrophoresis. The protocol used for quantitative real-time PCR was previously described (38) . Briefly, 200 ng/l of isolated RNA was reverse transcribed using TaqMan reverse transcription reagents and random hexamers as primers. The Bio-Rad C1000 Thermal Cycler was used for quantitative PCR purposes with Absolute Blue SYBR Green ROX (Thermo Scientific, Waltham, MA). Quantitative PCR primers for c-Jun, JunB, c-Fos, and Egr-1 were described previously (15) . The GAPDH and 18S RNA primers have been described (38) . The resulting threshold cycle (C T) obtained from the fluorescence was used to find a mean C T value, and the relative amounts of mRNA were determined as 2 ⌬CT where ⌬CT is the mean CT minus the individual CT.
Western blotting. Phospho (p)-ERK (T202, Y204), pS6 (S240/ 244), pSTAT3 (Y705), p-c-Jun (S63), and cyclin D1 antibodies were purchased from Cell Signaling (Beverly, MA). Cyclin D3, cyclin E, cyclin A, proliferating cell nuclear antigen (PCNA), and GAPDH antibodies were purchased from Santa Cruz Biotechnology. Pancreatic tissue was homogenized in lysis buffer using a Polytron homogenizer as previously described (17) . Following centrifugation to remove debris, proteins were resolved by SDS-PAGE, transferred to nitrocellulose membrane, and immunoblotted using specific antibodies (14) . Immunohistochemistry. Ki-67 antibody was obtained from Vector Laboratories (Burlingame, CA), and pERK (T202, Y204) and cyclin D1 antibodies were purchased from Cell Signaling. Paraffin-embedded pancreatic sections were rehydrated, and antigen retrieval was performed using CITRA (BioGenex, Fremont, CA). Samples were quenched using 1 ml 30% H 2O2 in 50 ml methanol and blocked using 1% BSA. Incubation with pERK, Ki-67, or cyclin D1 primary antibody was carried out overnight at 4°C. Immunoperoxidase localization was accomplished using Vectastain ABC kits (Vector Laboratories) followed by counterstaining with hematoxylin (36) . Pancreatic tissue was visualized using an Olympus BX-51 light microscope, and images were recorded digitally and processed using Photoshop software.
5=-Bromo-2=-deoxyuridine incorporation and quantification. 5=-Bromo-2=-deoxyuridine (BrdU) was purchased from Sigma (St. Louis, MO). BrdU (0.8 mg/ml) was administered in water also containing 10 mg/ml glucose at the time of refeeding following fasting overnight. BrdU was administered for 48 h after which the pancreas was dissected and BrdU incorporation was determined by immunofluorescence (2, 17) . Sections were blocked in 5% normal goat serum containing 0.3% Triton in PBS. Sections were exposed to BrdU antibody (1:10 dilution) (Accurate Chemical and Scientific, Westbury, NY) and mounted with prolong gold antifade reagent containing DAPI (Molecular Probes, Carlsbad, CA). Five separate ϫ40 fields were quantitated for each pancreas sample. Analysis was performed using Metamorph Offline version 6.1 software (Olympus Optical, Melville, NY). DAPI-stained nuclei and BrdU-positive nuclei of a predetermined size were quantitated within a field. BrdU-labeled acinar cell nuclei were determined by dividing the BrdU-positive nuclei by the number of DAPI nuclei.
Statistical analysis. Data are reported as means Ϯ SE and analyzed using GraphPad Prism software (GraphPad Software, San Diego). Statistical significance was reported using one-way or two-way ANOVA and Bonferroni's posttest except for Fig. 7 where Dunnett's test for multiple comparison was used. P values Ͻ0.05 were considered significant.
RESULTS
ERK signaling is activated by TI and blocked by PD-0325901 in vivo.
Pancreatic adaptive growth was initiated by TI feeding. ERK activation was maximal at 2 h following TI refeeding and remained elevated over 5 days compared with fasted animals (Fig. 1A) . To address whether PD-0325901 could be used to effectively block ERK signaling in vivo, pERK immunohistochemistry was assessed. ERK signaling was not activated in animals that were fasted (Fig. 1B) or treated with PD-0325901 (Fig. 1C) . However, mice given TI for 2 h during refeeding exhibited a strong induction of pERK (Fig. 1D ) in pancreatic acinar cells that was completely blocked by PD-0325901 (Fig. 1E) . Consistent with these results, PD-0325901 blocked ERK phosphorylation as assessed by Western blot analysis at 48 h and 5 days following TIinduced adaptive pancreatic growth (Fig. 1F) . Mice that were fed, fasted, or refed chow alone for 2 h had similar pERK levels, whereas refeeding chow containing TI for 2 h following fasting caused a significant increase in ERK activation (Fig.  1G) . However, fasting and refeeding chow alone stimulated other pathways, including mTOR (data not shown). Thus, TI feeding resulted in activation of ERK signaling that was effectively blocked by PD-0325901 in mice.
PD-0325901 is a specific and potent inhibitor of ERK signaling in vivo. To test the potency and specificity of the MEK inhibitor PD-0325901, Western blot analysis for ERK phosphorylation and multiple signaling cascades known to be activated by TI feeding were assessed. It had previously been established that TI feeding activates the mTOR, JNK, and STAT pathways (2, 18, 19) . TI treatment for 2 h following fasting led to a sixfold increase in phosphorylated ERK that was completely blocked by the addition of PD-0325901 ( Fig. 2A) . Refeeding TI induced the mTOR pathway 100-fold (Fig. 2B) , the JNK pathway 60-fold (Fig. 2C) , and the STAT pathway 10-fold (Fig. 2D) . However, these pathways were not affected by PD-0325901 administration. These data show that ERK signaling is effectively blocked by PD-0325901, which is highly specific for MEK, as reflected by its lack of effect on other CCK-activated signaling cascades.
PD-0325901 inhibits pancreatic adaptive growth as measured by mass, protein, DNA, and RNA content. PD-0325901 treatment extending over 5 days did not result in a significant decrease in pancreatic mass as evidenced by the lack of significant difference in pancreatic weight/total body weight when comparing animals on a normal diet with those given chow and PD-0325901. Mice treated with TI demonstrated a 2.35-fold increase in pancreatic weight/total body weight that was effectively suppressed by treatment with PD-0325901, leading to a 77% inhibition of the increase in pancreatic mass induced by TI (Fig. 3A) .
Because pancreatic mass can be affected by changes in pancreatic protein, DNA, and RNA content, potential changes in these components were evaluated. There was no significant change in any of these macromolecules in mice given chow containing PD-0325901 compared with control mice (Fig. 3) . TI-induced adaptive growth led to a significant increase in protein, DNA, and RNA content in the pancreas that was robustly blocked by PD-0325901 (Fig. 3, B-D) . These data provide further support for the role of ERK signaling in mediating pancreatic adaptive growth induced by TI.
PD-0325901 specifically blocks ERK-regulated early response genes. To determine whether downstream targets of ERK signaling were affected by ERK inhibition, mRNA levels of early response genes regulated by ERK were assessed by qRT-PCR. In addition, other transcription factors known to be upregulated by TI that are not believed to be part of the ERK pathway were examined. c-Fos, Egr-1, c-Jun, JunB, and Ier3 have been reported to be rapidly upregulated following induction of pancreatic growth by TI, and c-Jun/AP-1 is required for acinar cell growth in vitro (15, 16) . Consistent with these data, a 10.5-and 20.6-fold increase in the ERK-regulated early response genes c-Fos (Fig. 4A) and Egr-1 (Fig. 4B) 
c-Jun, JunB, and Ier3 are known to be regulated in an ERK-independent manner (15) . c-Jun, JunB, and Ier3 mRNA expression was induced following 2 h TI treatment compared with fasted mice and was unaffected by PD-0325901 (Fig. 4 , C-E). Similar results were observed for Egr-3 expression (data not shown). GAPDH was not affected by either TI or PD-0325901 administration (Fig. 4F) . Taken together, these results show that PD-0325901 is specific in blocking ERK-regulated early response genes during TI feeding. Pancreatic DNA synthesis is blocked by ERK inhibition following TI feeding. The ERK signaling pathway and the ERK regulated early response genes c-Fos and Egr-1 have been shown to be involved in many proliferative processes, including the regulation of cell-cycle proteins and mitogenesis (43) .
To understand if ERK inhibition would lead to decreased pancreatic DNA synthesis and mitogenesis, BrdU incorporation analysis was performed. Mice given BrdU in the drinking water over 48 h exhibited BrdU incorporation in 5% of the cell population (Fig. 5, A and E) , whereas animals given chow and PD-0325901 exhibited Ͻ1% incorporation in the acinar cell nuclei (Fig. 5, B and E) . Mice given TI for 2 days (Fig. 5, C and  E) showed a 4.6-fold increase in BrdU incorporation that was completely inhibited by PD-0325901 treatment (Fig. 5, D and  E) . To further examine mitogenesis, the same mice were evaluated for Ki-67 immunoperoxidase staining. Similar to BrdU incorporation, very few Ki-67-positive nuclei appeared in the control groups (Fig. 5, F and G) . Mice refed with TI for 2 days showed a significant increases in Ki-67-positive nuclei (Fig. 5H) , an effect that was nearly abolished by treatment with PD-0325901 (Fig. 5I) . These results indicate that DNA synthesis and mitogenesis are dependent on ERK signaling following TI feeding.
PD-0325901 blocks cell-cycle proteins and mitogenesis. To examine the mechanism by which cell proliferation is blocked by ERK inhibition, cell-cycle proteins were studied by immunohistochemistry and Western blotting. Nuclear cyclin D1 expression was very low in the acinar cell nuclei of the control (Fig. 6A ) and PD-0325901-treated (Fig. 6B) mice. The pancreas of mice treated with TI exhibited a significant increase in cyclin D1 staining (Fig. 6C ) that was blocked by PD-0325901 (Fig. 6D) . Western blotting analysis showed no difference between the chow control and chow plus PD-0325901 treatment groups. However, TI refeeding resulted in an 8.6-fold increase in cyclin D1 expression that was inhibited 75% by PD-0325901 treatment compared with the TI group (Fig. 6E) . Other cell-cycle proteins, including cyclin D3 (Fig. 6F) , cyclin E (Fig. 6G) , and cyclin A (Fig. 6H) , were increased 3.1-to 4.2-fold with TI treatment, and their expression was completely blocked by PD-0325901 administration. The DNA polymerase ␦ clamp PCNA, which is only expressed when cells are in S phase, was upregulated 22.4-fold during TI refeeding but was reduced 89% when mice were also given PD-0325901 (Fig. 6I) . There was no significant difference in GAPDH expression between groups (Fig. 6J) .
ERK signaling is required to initiate adaptive growth but is not required for maintenance of growth.
Mice were fasted overnight and refed either chow or chow containing 0.1% TI, and the pancreas was harvested at 2 and 8 days following refeeding. In addition, treatment with PD-0325901 was initiated 1 or 2 days following TI refeeding, and pancreas tissue was harvested at 8 days to assess whether ERK signaling was necessary to initiate adaptive growth (Fig. 7A ). Mice treated with only TI for 2 days exhibited an increase in pancreatic mass that was further increased at 8 days. However, the animals given PD-0325901 at 1 or 2 days following TI refeeding did not show a significant difference in pancreatic mass compared with the mice treated with TI alone for 2 days (Fig.  7B ). These data demonstrate that, during adaptive growth, ERK activation is required in the early initiation of growth.
To test whether ERK signaling is necessary to maintain pancreatic adaptive growth, ERK was similarly blocked at a later time point following TI-induced adaptive growth. Mice were treated with TI alone, and an increase in pancreatic mass was observed at 5 and 8 days (Fig. 7C ). Another cohort of mice was treated with PD-0325901 5 days following TI-induced pancreatic growth, and the pancreas was harvested on day 8. These mice showed no significant change from the 8-day TI-induced mice (Fig. 7D) . These results show that ERK signaling is not necessary to maintain growth.
The MEK inhibitor GSK-1120212 blocks TI-induced adaptive growth.
To show that inhibition of pancreatic adaptive growth was not unique to PD-0325901, the chemically distinct MEK inhibitor GSK-1120212 was assessed. GSK-1120212 was effective at blocking phosphorylation of ERK over 24 h and 7 days (Fig. 8A) . To test whether the inhibitor blocked adaptive growth, mice were treated with GSK-1120212 and/or TI for 7 days. TI-induced pancreatic growth was blocked by GSK-1120212, as measured by pancreatic mass, protein, DNA, Fig. 7 . Effect of MEK inhibition on the initiation and maintenance of pancreatic adaptive growth. A: schematic diagram of experimental procedure. Mice were fasted overnight and refed 0.1% TI continuously. The pancreas was harvested at 2 and 8 days following refeeding. At 1 or 2 days a cohort of mice was also given PD-0325901 continuously in the chow, and PW/BW was measured at 8 days. B: quantitated results of PW/BW. C: schematic of experimental procedure. Mice were fasted overnight and refed 0.1% TI continuously. The pancreas was harvested at 5 and 8 days following refeeding. At 5 days, a cohort of mice was given PD-0325901 continuously in the chow, and the pancreas was harvested at 8 days. The PW/BW was measured and quantitated in D. All results shown are means Ϯ SE of n ϭ 6 -10 mice. NS, not significant. **P Ͻ 0.01. and RNA content (Fig. 8, B-E) . These results show that GSK-1120212, like PD-0325901, blocks pancreatic adaptive growth induced by TI.
DISCUSSION
This study evaluated the role of ERK signaling in CCKmediated pancreatic adaptive growth modeled using TI feeding. It was determined that the pharmacological inhibitors PD-0325901 and GSK-1120212 are effective at inhibiting the ERK pathway in vivo and that ERK exhibits a prolonged upregulation in response to endogenous CCK release induced by TI feeding. By inhibiting ERK signaling, pancreatic adaptive growth was effectively blocked, which we determined most likely occurred through ERK-regulated early response genes and cell cycle proteins. Thus, we conclude that ERK activation is required for CCK-mediated pancreatic adaptive growth.
A sustained, elevated release of CCK is necessary for pancreatic adaptive growth, which can occur during hyperphagia or ingestion of a high-protein diet (3, 12, 13) . However, CCK is not necessary for the maintenance of pancreatic size, and CCK-deficient mice have normal pancreatic mass (46) . Previous studies demonstrated that the mTOR and CN/NFAT pathways are required for adaptive growth induced by TI (Fig. 9) (2, 17, 18 ). In addition, other studies suggest that the STAT, JNK, and MAPK pathways are activated by CCK (15, 19) . With the use of the MEK inhibitor PD-0325901, ERK activation was nearly abolished during TI feeding, which increases endogenous CCK levels. The fact that the mTOR, STAT, and JNK pathways were unaffected following TI feeding shows the specificity of the inhibitor and also that the inhibitor did not block CCK release. Similar inhibition could be obtained by gavage feeding two times daily or adding PD-0325901 to the powdered chow. It is evident that PD-0325901 or GSK-1120212 do not affect basal levels of CCK-mediated pancreatic growth and that these inhibitors do not cause pancreatic atrophy. This could be because of the limited time scale and slow rate of cell turnover of pancreatic acini. However, CCK-induced signaling does not appear to be necessary for basal pancreatic size regulation, which is minimally affected in CCK-deficient mice (29, 46) . It was necessary to fast the mice before the start of each experiment to ensure an adequate and reproducible food intake that allowed time-dependent analysis. Refeeding normal chow stimulates transient CCK release; however, pancreatic growth does not occur. Our data (not shown) as well as others demonstrate that fasting and refeeding activates other pathways that are triggered by CCK (38) . However, ERK is not activated by the fasting-refeeding cycle (Fig. 1G) , and basal levels of pERK are relatively low. We use TI to stimulate sustained CCK release (46) . It is possible that TI could have other non-CCK actions; however, such an effect does not appear important for pancreatic growth, since growth is blocked in the absence of CCK or the CCK receptor (40, 46) . TI feeding causes a doubling of pancreatic mass with parallel increases in protein, DNA, and RNA content over 5-7 days. Our results show that, when ERK signaling is blocked by PD-0325901 or GSK-1120212, this increase in pancreatic mass, protein, DNA, and RNA content is nearly completely inhibited compared with TI-fed mice. It seems unlikely that compensation or upregulation from the mTOR, STAT, or JNK pathways contributes to this lack of complete inhibition because no increase in the activation of downstream targets of these pathways during ERK inhibition was observed. However, in pancreatic acinar cells, mTOR signaling is known to control protein synthesis during translation and regulate G 1 cell cycle progression and G 1 cyclins in some cancers (10, 39) . The CN/NFAT pathway is required for adaptive growth, and NFATs are known to be coactivators with Jun and Fos to regulate proliferation (21, 22, 47) . Furthermore, CN has also been known to be involved in regulating the expression of cyclin D1 and cyclin A (24 -26) . The JAK/STAT and JNK pathways are upregulated in response to CCK and also regulate many mitotic genes, including c-myc and cyclin D1 expression (42, 44) . It is conceivable that cross talk of feedback loops on these pathways may contribute to incomplete inhibition of pancreatic adaptive growth shown with these MEK inhibitors. However, the simplest explanation is that each signaling pathway activates an essential step.
In cultured cell models when ERK is activated by MEK, it translocates to the nucleus where it activates multiple early response genes involved in mitogenesis (37) . In our studies, MEK inhibition blocks TI-induced gene expression of ERKregulated early response genes (c-Fos, Egr-1, Egr-2) but does not affect transcription factors from other signaling cascades, including c-Jun, JunB, JunD, or Ier3. By contrast, Rcan-1, a downstream target of CN/NFAT, is partially inhibited by MEK inhibitor treatment (ϳ25%) (data not shown). These results indicate that the ERK and CN/NFAT pathways may share some common transcription factors that may affect mitogenesis. However, taken together, PD-0325901 is effective at inhibiting the increase in expression of ERK-regulated early response genes caused by TI.
To test how mitogenesis was affected by MEK inhibition, BrdU incorporation and Ki-67 immunohistochemistry were analyzed. A marked increase in both BrdU incorporation and Ki-67 staining by TI refeeding was observed, which was blocked by PD-0325901. The rate of BrdU incorporation was higher in this study compared with previous studies because of the fact that BrdU was continuously present in the drinking water over 2 days as opposed to being given intraperitoneally one time 2 h before tissue collection (2, 17) . These results indicate that mitogenesis is dependent on ERK phosphorylation in pancreatic adaptive growth.
Although we have determined that ERK is necessary for adaptive growth, the mechanism by which ERK stimulates pancreatic acinar cells to leave G 0 and enter the cell cycle has not been established. The early response genes c-Fos and Egr-1 are known to have binding sites on the promoters of cell-cycle proteins, including cyclin D1 (9, 28, 50) . It has also been established that c-Fos regulates cyclin D1 expression in other tissues (1) . Furthermore, ERKs regulate the G 1 to S phase transition in mammalian somatic cells (32) . To address when ERK regulates pancreatic adaptive growth, we tested the cellcycle proteins and determined that TI upregulates cyclin D1, cyclin D3, cyclin E, cyclin A, and PCNA, which are all blocked by PD-0325901 administration. Thus, it can be concluded that, since cyclin D1 and cyclin D3 are the first cell-cycle proteins transcribed in G 1 , ERK signaling is essential in initiating cell-cycle progression and may be involved in stimulating the exit of acinar cells from G 0 . To confirm that ERK signaling is necessary to initiate early cell-cycle events, we found that, if ERK is blocked early on in the adaptive growth process, mitogenesis ceases. However, when ERK is inhibited at later time points during pancreatic adaptive growth, blocking ERK does not change pancreatic mass. These results suggest that ERK is necessary to get acinar cells past a critical checkpoint in the cell-cycle process; once this happens, cells continue to undergo mitogenesis independent of ERK.
CCK and the ERK signaling pathway have been suggested to play a role in other pancreatic proliferative processes. Pancreatic recovery occurs following acute pancreatitis in rats (8, 20) . Morisset et al. showed that, in pancreatic regeneration following pancreatectomy, an upregulation of ERK signaling occurred followed by an overexpression of cell-cycle proteins, including cyclin D and E (33). It is not known, however, if ERK signaling is required for this process. In isolated rat pancreatic acini, ERK signaling was enhanced following CCK treatment, and in primary cell culture exogenous CCK activated ERK-regulated early response genes (6, 16) . Furthermore, the MEK inhibitor PD-0325901 has been shown to elicit therapeutic activity in reducing tumor volume in pancreatic cancer in mice (49) .
In conclusion, our results demonstrate that the ERK pathway is necessary for pancreatic mitogenesis and adaptive growth in response to feeding TI. ERK is necessary to initiate early stages of the cell cycle, possibly causing acinar cells to exit G 0 or enabling them to pass a critical checkpoint in the cell-cycle process. It seems likely that activation of multiple signaling cascades, including the ERK, mTOR, and CN/NFAT pathways, are required for pancreatic adaptive growth to occur (Fig. 9) . Interestingly, these pathways are all distinct from pathways that regulate the acute secretion of digestive enzymes. Thus, the extracellular messenger CCK, known to activate multiple cellular processes, does this through the activation of multiple signaling pathways.
